Abstract: Genetic population structure of Pacific cod, Gadus macrocephalus, was examined across much of its northeastern Pacific range by screening variation at 11 microsatellite DNA loci. Estimates of FST (0.005 ± 0.002) and RST (0.010 ± 0.003) over all samples suggested that effective dispersal is limited among populations. Genetic divergence was highly correlated with geographic distance in an isolation-by-distance (IBD) pattern along the entire coastal continuum in the northeastern Pacific Ocean (~4000 km; r 2 = 0.83), extending from Washington State to the Aleutian Islands, and over smaller geographic distances for three locations in Alaska (~1700 km; r 2 = 0.56). Slopes of IBD regressions suggested average dispersal distance between birth and reproduction of less than 30 km. Exceptions to this pattern were found in samples taken from fjord environments in the Georgia Basin (the Strait of Georgia (Canada) and Puget Sound (USA)), where populations were differentiated from coastal cod. Our results showed population structure at spatial scales relevant to fisheries management, both caused by limited dispersal along the coast and by sharp barriers to migration isolating smaller stocks in coastal fjord environments.
Introduction
Although the notion that exploited species should be managed at the population level can be traced back to seminal work by Heincke (1889) and Hjort (1914) , the practical implementation of such insight is still fraught with difficulties. Population boundaries are often ill defined by environmental, biological, or genetic discontinuities, especially in marine fishes (Hauser and Ward 1998) . The result is that demographically independent populations may appear genetically homogenous and thus may be managed as a single stock. Most genetic approaches to population identification are further limited by their lack of sensitivity to high levels of connectivity and their dependence on the number of migrants rather than migration rates, complicating their application for the identification of independent management units (Waples and Gaggiotti 2006) . This discrepancy between genetic and demographic definitions of populations means that genetic estimates of population structure tend to be very conservative in marine species; genetic differentiation demonstrates population structure, but genetic homogeneity does not preclude the existence of demographically independent populations (Shaklee and Bentzen 1998) .
Recently, the explicit inclusion of geographic information in genetic analyses has improved our ability to identify populations as management units. The search for sharp population boundaries may be futile in marine species, which often are distributed continuously and may disperse during all life history stages. Instead, the dispersal of individuals within that continuous distribution may be limited, resulting in a continuous increase of genetic differentiation with geographic distance (isolation by distance, IBD). Under certain assumptions (e.g., migration-drift equilibrium, exponential dispersal curve), the slope of the relationship can be used to estimate average dispersal distance of individuals (Rousset 1997) . Although not providing stock boundaries, such estimates can be used in models to define geographic sectors of the fishery that may respond independently to exploitation. IBD has been primarily described in demersal species of fish with pelagic larvae, e.g., species of the family Gadidae. In particular, several studies on Atlantic cod (Gadus morhua) showed IBD (Pogson et al. 2001; Beacham et al. 2002; O'Leary et al. 2007) , whereas other studies identified patchy population structure that was not as clearly correlated with geographic distribution (e.g., Hutchinson et al. 2001; Knutsen et al. 2003) . Furthermore, IBD was primarily identified when high variability markers, such as mitochondrial DNA and especially microsatellites, were applied. Pacific gadid species such as walleye pollock (Theragra chalcogramma) and Pacific cod (Gadus macrocephalus) are relatively understudied in this respect, despite their high economic importance (Hiatt et al. 2007) , and knowledge on their stock structure lags behind that for Atlantic cod by perhaps a decade or more (Cunningham 2007) .
Pacific cod has historically supported large-and smallscale commercial fisheries throughout its range. Global catch landings in 2006 were 235 296 tonnes (t), and in the United States, Pacific cod catches exceeded those of declining Atlantic cod stocks by the mid-1980s (http://www.st. nmfs.noaa.gov/st1/commercial/index.html). Although numerous putative stocks of Pacific cod have been identified using a variety of methods (see review in Gustafson et al. 2000) , no general consensus has been reached on stock structure and Alaskan fisheries are managed as two separate stocks: the Gulf of Alaska (GOA) stock and the much larger Bering Sea -Aleutian Islands (BSAI) stock (Thompson et al. 2007a (Thompson et al. , 2007b . The largest Pacific cod fishery in Alaska (average catch 1990-2007 = 156 482 t) occurs in the eastern Bering Sea (Thompson et al. 2007a) . Smaller fisheries, representing approximately 16% of the total harvest in the BSAI management area, occur in the Aleutian Islands region. Near the southern end of the species' distribution, populations have declined rapidly in the Georgia Basin, which consists of the Strait of Georgia, British Columbia, Canada, and fjord-like estuary of Puget Sound, Washington State, USA (Fig. 1) . These two regions are directly connected to the North Pacific Ocean via the Johnstone Strait and the Strait of Juan de Fuca, respectively.
Here we present an assessment of population structure in Pacific cod inferred from microsatellite DNA variation across much of its North American range. The results demonstrated a clear IBD pattern, suggesting restricted gene flow, and thus a substantial amount of self-recruitment, among putative stock components at spatial scales relevant to current fisheries management and conservation practices. In particular, Pacific cod (like Atlantic cod) appear to form localized populations in fjord environments or where deepwater barriers, such as submarine canyons, may limit adult dispersal.
Materials and methods

Sample collection
Samples were collected from large spawning and prespawning aggregates of Pacific cod in eight locations across the northeastern Pacific Ocean from January-March (Table 1 ; Fig. 1 ). Samples were primarily taken from trawls, although those from Kodiak Island in 2005 were caught with jigging gear. Replicate samples were taken at two-year intervals at two locations (Unimak Pass (UP03 and UP05) and Kodiak Island (KI03 and KI05), Alaska) to investigate temporal stability of population structure. Two samples from the central Aleutian Islands region (AD and AT), taken during commercial fishing operations in 2006, were in relatively close proximity (180 and 275 km, respectively) to one sample collected during a trawl survey in 2005 (AI). Samples obtained from Puget Sound in 2004 and 2006 were pooled because of small sample sizes. Pectoral fin clips were preserved in 95% ethanol and stored at room temperature prior to DNA extraction.
DNA extraction and microsatellite amplification
DNA was extracted from pectoral fin tissue using Qiagen DNeasy kits (QIAGEN, Valencia, California) following the manufacturer's protocols. Twelve microsatellite markers were initially screened for variation: 10 novel loci isolated from Pacific cod (Canino et al. 2005) , one (GMO37) isolated from Atlantic cod (Miller et al. 2000) , and one (TCH20) from walleye pollock (O'Reilly et al. 2000) . Polymerase chain reaction (PCR) amplification of loci was conducted in 10 mL reaction volumes containing 4 mL template DNA, 1 mL 10Â buffer (Genechoice Inc., Fredrick, Maryland), MgCl 2 concentration of 1.5 mmolÁL -1 , 0.4 mmolÁL -1 of each dNTP, 0.5 mmolÁL -1 labeled forward and reverse primers, and 0.5 units of Taq Polymerase (Genechoice Inc., Fredrick, Maryland). A single ''touchdown'' thermal cycle for amplifying all loci was performed in a PTC-100 thermal cycler (MJ Research Inc., Waltham, Massachusetts) . This consisted of an initial denaturation step at 95 8C (2 min) followed by five cycles of 95 8C (1 min), 60 8C (1 min (-1 8C per cycle)), and 72 8C (1 min) and then by 20 cycles of 95 8C (30 s), 55 8C (30 s), and 72 8C (30 s). Microsatellite PCR amplicons were size-separated in four panels of three loci each on a MegaBACE 1000 DNA sequencer (Amersham Pharmacia Biotech, Inc., Piscataway, New Jersey) and analyzed with Genetic Profiler software (version 2.2, Amersham Pharmacia Biotech).
Data analysis
Single locus statistics for all samples (Appendix A, Table  A1 ) were calculated using FSTAT 2.9.3.2 (Goudet 2002) and Genetix 4.05 (Belkhir 2000) . Genotype frequency conformance to Hardy-Weinberg equilibrium (HWE) and genotypic linkage equilibrium were determined using exact tests implemented in GENEPOP 3.3 (Raymond and Rousset 1995) with Markov chain parameters of 5000 dememorization steps, 500 batches, and 5000 iterations per batch. Significance levels for comparisons of loci across samples were adjusted using a sequential Bonferroni correction (Rice 1989) to maintain a type 1 error rate (a = 0.05) over multiple tests. The program MICRO-CHECKER 2.2.3 (van Oosterhout et al. 2004 ) was used to check for the presence of null alleles, scoring errors, stuttering, and large allele dropout.
Exact tests for genic and genotypic differentiation for each locus-sample combination were conducted in GENE-POP using the same Markov chain Monte Carlo (MCMC) parameters used to test for HWE. In addition, we tested the joint null hypothesis of no frequency differences at any locus for each sample using Fisher's combined test implemented in GENEPOP. Randomization tests permuting either alleles or genotypes among samples were conducted in FSTAT to examine differentiation between sample pairs.
Genetic differentiation (F ST ) over all samples and between sample pairs was determined in GENEPOP from variances in allele frequencies using the unbiased estimator q (Weir and Cockerham 1984) . The analog statistic based on allele size (R ST ; Slatkin 1995) was calculated over all samples and between sample pairs using SPAGeDi 2.1 (Hardy and Vekemans 2002). We then tested for significant differences between the two estimators to examine the relative effects of genetic drift (F ST ) and mutation (R ST ) on genetic differentiation using 5000 permutations of allelic sizes among allelic states (Hardy et al. 2003) .
Analysis of molecular variation (AMOVA) was conducted in Arlequin 3.11 (Excoffier et al. 2005 ) to test population structure across the entire geographic sample range and among putative regional groupings of samples. Correlations between pairwise estimates of F ST and R ST with the shortest geographic distance between samples along continental margins (<200 m) were assessed using Mantel's test with 1000 permutations of linearized F ST and R ST values and distance matrices with the Isolde subroutine implemented in GENE-POP. A decomposed regression analysis (Koizumi et al. 2006 ) was performed to detect potential outliers in the pattern of genetic and geographic distances. Means and 95% confidence intervals of residuals from the linear regression of F ST on geographic distance were calculated for each sample, and putative outliers were identified if the confidence interval excluded zero. These were sequentially removed and the subsequent fit of the data to the regression model was evaluated using Akaike's information criterion following Koizumi et al. (2006) .
Mean dispersal distance per generation, s, was calculated from the slope of the IBD regression relationship following Buonaccorsi et al. (2005) :
where D is density of fish per linear kilometre (km), and m is the slope of the least-squares regression of F ST /(1 -F ST ) on geographic distance. This one-dimensional model is a reasonable choice for estimating dispersal when differentiation occurs over spatial scales greater than the habitat width (Rousset 1997 ) and seems generally appropriate for broadly distributed species confined to continental margins. We assumed that the dispersal pattern followed a symmetrical, exponential distribution and calculated mean dispersal distances for effective population densities ranging from 1 to 100 000 fishÁlinear km -1 of coastline.
The program Barrier 2.2 (Manni et al. 2004 ) was used to identify genetic discontinuities within the general IBD pattern. The program uses Delaunay triangulation to calculate a geometric network of samples connected by F ST values. Using a Monmonier algorithm, the program then identifies the edge with the largest F ST given the geographic distance and extends that barrier to the next connection with the largest genetic distance until it hits another edge or another barrier. One such barrier was calculated for each locus. In addition, a spatial analysis of molecular variance (SA-MOVA) developed by Dupanloup et al. (2002) was conducted to define groupings of samples that were maximally differentiated from each other. Samples were randomly partitioned into two to five groups for 100 simulated annealing processes. The configuration producing the largest amonggroup variance component (F CT ) was chosen as the best spatial pattern defining the population structure.
Results
Sample sizes for single locus statistics ranged from 11 to 106 individuals per locus (Appendix A, Table A1 ). Observed heterozygosities ranged from 0.235 (GMA108) to 1.000 (TCH20). Locus GMA107 did not meet HardyWeinberg equilibrium (HWE) expectations because of significant homozygote excesses in most samples. Results from MICRO-CHECKER inferred evidence for null alleles and this locus was excluded in subsequent analyses.
Twelve of 121 sample-locus combinations showed significant deviations from HWE expectations, with no apparent trends within loci or samples, and only one locus (GMA106) in the Aleutian Islands (AI) sample remained significant after Bonferroni correction (Appendix A, Table A1 ). Linkage disequilibrium was detected between two loci (GMA101 and GMO37) in one sample from the central Aleutian Islands (AD) but was not significant in pairwise tests in any other sample or over all samples.
Hierarchical AMOVA was used to explore several potential geographic subdivisions by partitioning samples into two to four groups ( Table 2 ). The highest F ST values were found when the samples were partitioned into coastal North Pacific and Georgia Basin groups, but this also resulted in a highly significant within-group variance component (F SC ). Partitioning the coastal samples into three or four groups eliminated significant F SC results and produced approximately the same levels of among-group differentiation (F CT ). Results for the three sample locations within Alaska provided some support for differentiation of the Aleutian Islands from the Bering Sea and the Gulf of Alaska: of all possible groupings, the only significant differentiation among groups (F CT ) occurred when pooled samples from the Aleutian Islands (AD, AI, and AT) were tested with samples from Unimak Pass (UP03 and UP05) and Kodiak Island (KI03 and KI05; Table 2 ). AMOVAs conducted on three groupings of temporal replicate samples from the Aleutian Islands (AD, AI, and AT) had F CT values ranging from -0.0010 to 0.0013 that were not significant (data not shown) Likewise, grouping temporal replicates and testing pairs of geographic locations in Alaska produced no significant F SC values.
There were no significant differences in allelic or genotypic frequencies between temporal samples collected at the same sites in Alaska, including the three locations in the central Aleutian Islands archipelago ranging from 75 to 275 km apart (Fig. 1) . The joint null hypotheses of no significant genic or genotypic differentiation between sample pairs over all loci were rejected for most comparisons (Table 3) , both before (37 of 55 tests) and after (28 of 55 tests) Bonferroni correction. Results of genotypic tests were almost identical (Table 3) .
Estimates of F ST and R ST (± standard error, SE) over all samples were 0.005 (±0.002) and 0.010 (±0.003), respectively. No significant differentiation was found among temporal replicate samples or in pairwise geographic comparisons within Alaska (Table 4) . Pooling samples from the Aleutian Islands (AD, AI, and AT), Kodiak Island (KI05 and KI03), and Unimak Pass (UP03 and UP05) resulted in significant estimates of differentiation (after sequential correction) between the first two regions and following sequential correction between the latter two regions (data not shown). Pairwise F ST values were generally significant between locations in Alaska and southern coastal locations (Hecate Strait (HS), coastal Washington State (WA), and the Strait of Georgia (SG); Table 4 ). Pairwise estimates of F ST between Puget Sound (PS) and other locations were generally not significant following sequential correction, and the small sample size (18) undoubtedly resulted in weak power in these comparisons despite relatively high F ST values. Note: Sample abbreviations as in Table 2 . Akaike information criterion values corrected for small sample sizes (AIC C ) and difference from the best model (DAIC C ) were calculated from decomposed pairwise regression analysis. Fig. 3 . Means and 95% confidence intervals of individual sample residuals from the regression of linearized F ST on geographic distance over all other samples. Sample abbreviations as in Table 1 . Eight of 11 loci showed significant regression relationships of F ST with geographic distances (data not shown). A Mantel test of linearized multilocus F ST values with geographic distances was highly significant (P < 0.0001) and showed clear IBD patterns over the entire sample range in North America (Fig. 2) . Over shorter geographic scales, the IBD relationship for samples from Alaska remained highly significant (albeit with lower r 2 ), with a slope comparable with that over all North American coastal samples combined (Table 5) . Samples within the Georgia Basin (SG and PS) consistently yielded higher pairwise estimates of F ST in comparisons with samples obtained from coastal sites than those between coastal sites (Table 4) . When these two samples were removed from the regression, the correlation coefficient improved considerably (r 2 = 0.83; Table 5 ). Decomposed pairwise regression analysis showed that mean regression residuals for these two samples were significantly larger than zero (Fig. 3) , and Akaike information criterion (AIC) values indicated a best fit when both Georgia Basin samples were excluded (Table 5) . Pairwise R ST values also exhibited a significant IBD pattern (Mantel test; P < 0.005), although the overall relationship was weaker than for F ST (r 2 = 0.31), and again the Strait of Georgia (SG) and Puget Sound (PS) samples appeared to be outliers to the general trend for coastal populations. Estimates of R ST were significantly higher than F ST at three individual loci (GMA101, GMA102, and GMA104) and over all loci (P = 0.0152) when the Georgia Basin (PS and SG) samples were included, but not among coastal samples.
Mean dispersal distances estimated from the slope of the IBD regression of F ST values across coastal North America (1.57 Â 10 -6 ) ranged from 0 to 282 kmÁgeneration -1 over five orders of magnitude in adult densities (Table 6) . Excluding an extreme value for a density of 1 individualÁlinear km -1 , mean dispersal estimates for cod were less than 100 kmÁgeneration -1 .
The BARRIER analysis identified one primary genetic discontinuity supported by seven of 11 loci between the Strait of Georgia (SG) and Puget Sound (PS) from coastal populations (Fig. 4) . Other barriers between Puget Sound (PS) and the Strait of Georgia (SG) and the latter location and Hecate Strait (HS) involved four and five loci, respectively. Results from SAMOVA showed that the largest F CT value (0.0269, P = 0.0215) was produced by grouping samples from the Georgia Basin (PS and SG) compared with all coastal samples combined, supporting results obtained from BARRIER. Partitioning the samples into three or more groups produced smaller, although significant, F CT values but also introduced a significant within-group variation component.
Discussion
Our microsatellite data revealed one of the clearest IBD patterns reported to date for a marine fish species (r 2 = 0.83), demonstrating a monotonic increase of genetic distance with geographic distances along nearly the entire North American range of Pacific cod. Two outlier populations were identified, which appeared to be isolated from the coastal stock complex. Although genetic differentiation was low overall (F ST = 0.005), it appeared to be temporally stable. Such patterns suggest limited dispersal in Pacific cod, although pertinent features of species biology and the marine environment need to be considered in the interpretation of our results. (Manni et al. 2004 ). Line thickness is proportional to the given number of loci supporting the barrier. Sample abbreviations as in Table 1 .
IBD in North American coastal populations
Genetic differentiation among coastal sites indicated the presence of a large stock complex along continental shelves and slopes, with gene flow sufficiently restricted to develop a significant IBD pattern. Tests of genic and genotypic heterogeneity, as well as estimates of F ST and R ST , consistently inferred significant genetic differentiation among populations at distances exceeding~1700 km along this coastal continuum, a spatial scale comparable with detectable IBD in Atlantic cod (1600 km) in the western North Atlantic (Pogson et al. 2001) . Samples from the coasts of Washington State and British Columbia were distinct from those in Alaska and, to a lesser degree, from each other. The IBD pattern among coastal locations across North America is one of the strongest relationships for a marine fish reported to date. Only brown rockfish, Sebastes auriculatus, along the California coast showed genetic differentiation that was more closely explained by geographic distance (r 2 = 0.90; Buonaccorsi et al. 2005) , while other studies revealed more scatter around a general IBD relationship (e.g., RochaOlivares and Vetter 1999).
Patterns of genetic variation reflect both contemporary dispersal and population history (Hutchison and Templeton 1999) . A critical assumption of many population genetic inferences is that populations are at migration-drift equilibrium (Slatkin 1993) . This assumption may be violated in Pacific cod because of the relatively recent time since colonization of the northeastern Pacific Ocean and Bering Sea following glacial retreat in the late Pleistocene (i.e., <17 000 years for northern populations) and even more recently (ca. 6000-7000 years) for populations in the Georgia Basin (Tunnicliffe et al. 2001) . However, IBD patterns may be achieved relatively soon after population separation, depending on the mode of separation (Slatkin 1993 ). Therefore, the slope of the IBD is often better correlated with direct estimates of dispersal than F ST values themselves because overall levels of genetic differentiation take much longer to reach equilibrium (Rousset 1997) . In addition, one-dimensional habitats produce higher levels of divergence and reach migration-drift equilibrium faster than two-dimensional habitats with gene flow in all directions (Crow and Aoki 1984; Pogson et al. 2001) . Spawning aggregations of Pacific cod can be found primarily along the 200 m isobath (Dunn and Matarese 1987) , and their distribution is thus essentially one-dimensional along continental margins.
Migration-drift equilibrium is also likely to be achieved sooner at shorter distances, resulting in a significant IBD pattern at short, but not at long, geographic distances in nonequilibrium populations (Slatkin 1993) . In contrast, the IBD relationship in Pacific cod is constant over different geographic distances, as evidenced by the high r 2 and similarity of slopes along the entire coast and within just Alaska, suggesting that the IBD patterns may be close to equilibrium and thus reflect primarily contemporary dispersal rather than long-term demographic history. Alternative explanations for this IBD relationship, secondary contact among coastal subpopulations or a stepwise recolonization history following glaciation, were not evident in the data.
R ST values were not higher than F ST in North American coastal samples, as would be expected if subpopulations had been isolated, nor was there any geographic trend towards reduced genetic diversity at higher latitudes resulting from postglacial northward expansion of Pacific cod.
Interestingly, broad-scale circulation features of the northeastern Pacific Ocean did not appear to influence geographic patterns of genetic variation. The coastal sample from Washington State (WA) is south of the region where the North Pacific Current bifurcates, forming the northwardflowing Alaska Current and southward-flowing California Current, defining the approximate boundary of the Oregonian and Aleutian zoogeographic provinces (Cummins and Freeland 2007) . This current system may be responsible for maintaining a phylogeographic discontinuity between northern and southern populations of rosethorn rockfish, Sebastes helvomaculatus (Rocha-Olivares and Vetter 1999). We found no evidence for such a discontinuity in our spatial analyses, suggesting that limited dispersal among subpopulations subject to genetic drift was the primary cause of the observed IBD pattern.
Estimates of dispersal depend on assumptions of average effective densities (Rousset 1997) , which can be deducted from recent stock biomass surveys by National Marine Fisheries Service (NMFS). The harmonic mean of stock abundances estimated from 10 trawl surveys between 1984 and 2007 in the Gulf of Alaska was 199 million individuals (Thompson et al. 2007b ). The coastline of the Gulf of Alaska encompasses approximately 2525 km, yielding an average estimate of 78 800 individualsÁkm -1 coastline. The mean effective density for this area, assuming a conservative ratio of effective to census population size of 0.001 (Hauser et al. 2002; Turner et al. 2002) , is therefore roughly 79 individualsÁkm -1 . Realistic dispersal distances may thus not exceed 30 individualsÁkm -1 , comparable with estimates for shallow coastal rockfish species with pelagic larvae (Buonaccorsi et al. 2004 (Buonaccorsi et al. , 2005 Miller and Shanks 2004) .
Such very short dispersal distances infer very little larval and adult dispersal. Despite the potential for extensive adult movement, Pacific cod may not undertake directed migrations over their lifetime. Cod tagged in the eastern Bering Sea exhibited high site fidelity, with 70% of recaptures occurring within 80 km (Shi et al. 2007) . Studies in the Gulf of Alaska have shown that although some fish traveled in excess of 600 km, about 75% stayed within 25 km over considerable time periods (D. Urban, NMFS, Alaska Fisheries Science Center, Kodiak, Alaska 99615, USA, personal communication, 2006). Fish captured during summer months and recaptured during the next spawning period had some of the longest recovery distances, and some tagged and recaptured over two successive spawning seasons had the shortest, suggesting that cod may make extensive annual feeding migrations prior to returning to prior spawning locations or that some stock components are nonmigratory. Archival tagging of Atlantic cod (Svedäng et al. 2007a) found evidence for both resident and annually migrating stock components, although whether this represents natal homing is unresolved (Bradbury and Laurel 2007; Svedäng et al. 2007b) . Larval dispersal may also be limited: Pacific cod lay a single batch of demersal eggs (Hattori et al. 1992 ) in contrast to the batch-spawning Atlantic cod, which produces planktonic eggs. Larvae remain near the bottom of the water column (Dunn and Matarese 1987) , thus potentially aiding larval retention.
Genetic structure in Alaska
The genetic structure of Pacific cod in Alaska is of particular interest, not only because of potential discrepancies between genetic stock structure and established fishery management units, but also because of more complex bathymetric and hydrographic features in the Gulf of Alaska and the Aleutian archipelago than the relatively homogeneous eastern Bering Sea. The IBD relationship observed for three sampled locations in Alaska was temporally stable and similar to the general coastal pattern across the northeastern Pacific Ocean. However, AMOVA results supported the grouping of samples along the contiguous Alaska peninsula (UP and KI) as distinct from those in the central AI region, a relationship that would not be predicted considering only IBD (distance AI-UP, 700-900 km; UP-KI, 1000-1050 km). This pattern of differentiation is generally concordant with meristic stock differences between the eastern Aleutian Islands -Bering Sea and the western Aleutian Islands (Wilimovsky et al. 1967) .
Potential factors controlling population connectivity of Pacific cod in the Aleutian archipelago with the much larger stock biomass in the eastern Bering Sea could arise from limits to egg and larval dispersal, as well as oceanographic barriers to movements by adults. Oceanographic circulation in the Aleutian Islands is more complex than in the eastern Bering Sea, resulting in an ecological subdivision at Samalga Pass (Hunt and Stabeno 2005) characterized by differences in ecosystem productivity and species composition and abundance (Logerwell et al. 2005; Stabeno et al. 2005) . Fish species with partial distributions across the Aleutian Archipelago often show distinct breaks at zoogeographic provinces separated by deep Aleutian passes (Logerwell et al. 2005) , thus inferring potential barriers to population connectivity as well. Vigorous tidal transport through many of these passes creates complex circulation patterns around islands ) that could result in entrainment of Pacific cod eggs and larvae at more localized scales than in more homogeneous habitats of the eastern Bering Sea and Northeast Pacific.
Water depth may be an important factor influencing movements by adult (and presumably juvenile) Pacific cod, which are rarely captured by trawl surveys deeper than 300 m (Allen and Smith 1988) . Pacific cod are much more demersal in their vertical distributions than Atlantic cod and are typically found less than 10 m from the bottom (Nichol et al. 2007 ). These two observations suggest that passes in the Aleutian Islands, especially those exceeding 500-1000 m westward of Samalga Pass, may represent significant barriers to dispersal. Deep ocean trenches have been proposed as barriers to migration in other gadid species, contributing to genetic differentiation of Atlantic cod (Bentzen et al. 1996; Ruzzante et al. 1998; Beacham et al. 2002) and haddock (Melanogrammus aeglefinus) in the western Atlantic (Zwanenburg et al. 1992) . The extent of adult exchange between the Bering Sea and Aleutian Islands regions has not been accurately quantified and may be influenced by suitable depth ''corridors'' providing habitat connectivity.
Genetic structure in Puget Sound
Pacific cod from the inland waters of the Georgia Basin were markedly differentiated from open coastal locations. Pairwise sample comparisons and spatial analyses inferred strong isolation between populations in fjord environments of the Strait of Georgia (SG) and Puget Sound (PS), a pattern consistent with previous estimates of stock structure derived from tagging studies, acquired markers, and known historical spawning locations (Westrheim 1982; Palsson 1990; Palsson et al.1997) . The transboundary Strait of Georgia stock is one of four (including Hecate Strait, Queen Charlotte Sound, and the west coast of Vancouver Island) defined for management purposes in British Columbia (Fisheries and Oceans Canada 1999) . Tagging studies (reviewed by Westrheim 1982) showed little movement of tagged cod among three of these regions. Three stocks have been proposed for Puget Sound based on tagging data and spawning locations (Palsson 1990 ). Differences in parasite frequencies also distinguished Georgia Basin populations from coastal Pacific cod (Westrheim 1987) . Gao et al. (2005) reported significant differences in stable isotope ratios of cod otoliths between two sample areas near our coastal Washington State and Strait of Georgia locations. The existence of fjord populations of Pacific cod is concordant with patterns reported in other marine fishes broadly distributed in the Northeast Pacific, including brown rockfish (Buonaccorsi et al. 2005) , copper rockfish (Sebastes caurinus; Buonaccorsi et al. 2002) , lingcod (Ophidon elongatus; Marko et al. 2007 ), Pacific hake (Merluccius merluccius; Iwamoto et al. 2004) , and northern clingfish (Gobbiesox maeandricus; Hickerson and Ross 2001) . Divergence from coastal populations likely arose from, and is maintained by, complex physiographic and circulatory features that restrict egg and larval dispersal. Exchange of deep water with continental shelf waters is restricted by several narrows and sills (Ebbesmeyer et al. 1984; Masson 2002) . Similarly, the presence of shallow sills in Norwegian fjords appears to enhance local retention of Atlantic cod eggs ), contributing to the development of localized populations (Olsen et al. 2004; Jorde et al. 2007) .
The general decline of Pacific cod populations near the southern edge of its historical range in the northeastern Pacific Ocean has prompted concerns regarding their management and conservation (see review in Gustafson et al. 2000) . Large declines led to restrictions on both commercial and recreational fisheries after 1987, and the stock has not shown evidence of rebuilding despite extremely low fishing levels since the 1990s. Possible reasons include a warming oceanographic trend during and following the decline (Palsson 1990; Dorn 1993) , declines in prey species, and degradation of nearshore subtidal nursery areas (West 1997) , or some combination of these factors (see review in Gustafson et al. 2000) .
Pacific cod was one of three gadoid species in Puget Sound petitioned for listing under the US Endangered Species Act (ESA) (Wright 1999) . In their status review, Gustafson et al. (2000) were unable to identify cod within Puget Sound as a distinct population segment (DPS) under the ESA definition, resulting in a finding of ''not warranted'' for listing, in part due to insufficient information regarding the northern boundary of a DPS that included Puget Sound (Gustafson et al. 2000) . Our study clearly indicates genetic differentiation of cod from Puget Sound and the Strait of Georgia from coastal populations, although a more detailed delineation and appropriate definition of a potential Puget Sound cod DPS requires further research with larger samples.
In summary, our results refute the paradigm of broadscale genetic panmixia for Pacific cod in the North Pacific and Bering Sea (Grant et al. 1987 ) as a consequence of high migration rates (Shimada and Kimura 1994) . Instead, our data suggest very limited average dispersal per generation, leading to significant genetic divergence over modest geographic scales (1500-2000 km) along contiguous coastal margins and at lesser distances (hundreds of kilometres) where circulation features and bottom topographies are more heterogeneous. Combined with tagging data, our results potentially may be used to develop a model of cod dispersal to determine the appropriate geographic scales for management and conservation. However, observed departures from IBD in localized inshore stocks suggest caution in this approach. Other isolated fjord populations may exist outside of the Georgia Basin (e.g., Prince William Sound), and more comprehensive sampling of inshore fjords and embayments in the Gulf of Alaska region and throughout the larger Bering Sea -Aleutian Islands management area is needed to more fully resolve the magnitude and geographic patterns of structure in Pacific cod. 
